ABSTRACT We report a comparative study in which a single-molecule fluorescence resonance energy transfer approach was used to examine how the binding of two families of HIV-1 viral proteins to viral RNA hairpins locally changes the RNA secondary structures. The single-molecule fluorescence resonance energy transfer results indicate that the zinc finger protein (nucleocapsid) locally melts the TAR RNA and RRE-IIB RNA hairpins, whereas arginine-rich motif proteins (Tat and Rev) may strengthen the hairpin structures through specific binding interactions. Competition experiments show that Tat and Rev can effectively inhibit the nucleocapsid-chaperoned annealing of complementary DNA oligonucleotides to the TAR and RRE-IIB RNA hairpins, respectively. The competition binding data presented here suggest that the specific nucleic acid binding interactions of Tat and Rev can effectively compete with the general nucleic acid binding/chaperone functions of the nucleocapsid protein, and thus may in principle help regulate critical events during the HIV life cycle.
INTRODUCTION
The advent of single-molecule fluorescence resonance energy transfer (SM-FRET), with its ability to unravel the complex structural dynamics of biomolecules (1) (2) (3) (4) (5) (6) (7) (8) , has made it possible to analyze RNA/protein dynamical interactions at the molecular level with unprecedented specificity, such as by obtaining direct information on the secondary structure of key functional ribonucleoprotein complexes (9) (10) (11) . In this study we used SM-FRET in vitro to systematically compare and contrast the RNA/protein interactions for two critical RNA-binding motifs in HIV-1: the argininerich-binding motif (ARM) and the zinc-finger-binding motif. HIV-1 encodes two ARM regulatory proteins, Rev and Tat, and a zinc-finger-binding-motif protein, the multifunctional nucleocapsid (NC) protein. Our SM-FRET results regarding the interactions of Rev, Tat, and NC with a series of key viral RNA sequences give a clearer picture of how these two binding motifs differ in their sequence specificity, impact on RNA secondary structure, and chaperone-like nucleic acid annealing activity.
Rev functions through its oligomeric binding to the Rev response element (RRE), a 351-nucleotide-long sequence composed of complex stem-loop structures located in the env coding region of the viral genome (12) (13) (14) . The IIB stem loop of RRE has been identified as the high-affinity Rev-binding site on RRE (15) (16) (17) . The sequence and MFOLD (18) secondary structure of RRE IIB are shown in Fig. 1 and the proposed sites of Rev binding to IIB are indicated by red arrows. As illustrated in Fig. 1 , Rev harbors a nuclear localization signal (NLS) containing the ARM for RNA binding, the oligomerization domains for oligomeric protein assembly on RRE, and an activation domain for nuclear export (NES). Rev shuttles between the nucleus and the cytoplasm in vivo and binds the RRE region cooperatively to guide the export of unspliced and partially spliced genomic mRNA from the nucleus to the cytoplasm (13, 17, 19, 20) .
Tat functions as a highly efficient transcriptional activator of HIV-1 through binding to the trans-activating response (TAR) RNA hairpin ( Fig. 1 ) located at the 5 0 end of the untranslated leader region of the viral mRNA (21) (22) (23) (24) (25) . Tat is an 86-amino acid protein that contains a cysteine-rich domain, a core region composed of hydrophobic amino acids, a nuclear localization region containing the ARM (which is responsible for RNA recognition and binding), and a glutamine region. The proposed Tat-binding site on TAR RNA, the UCU bulge, is indicated by a red arrow in Fig. 1 . The 20-amino-acid Tat peptide containing only the core region and the ARM (Fig. 1 ) has been reported to be sufficient for recognition and specific binding to TAR RNA (26, 27) , and was used in this study.
In contrast to Rev and Tat, NC can bind to various DNA and RNA hairpin structures (28) . As shown in Fig. 1 , HIV-1 NC is 55 amino acids long and has two nonequivalent CCHC-type zinc fingers, each of which strongly binds a zinc ion. NC is a multifunctional protein that plays a role in almost every step of the retroviral life cycle, from genomic packaging and assembly to reverse transcription and proviral DNA integration (28) . Although some NC functions, such as genomic RNA packaging, are believed to involve sequence-specific binding to nucleic acids, NC also displays more general, non-sequence-specific nucleic-acid binding properties (28) . In addition to its role as a structural protein that stabilizes the virion, NC also serves as a nucleic acid chaperone that catalyzes the rearrangements of both DNA and RNA into thermodynamically more stable structures and promotes several strand annealing reactions during reverse transcription (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) , such as annealing of the structured hairpins TAR RNA and TAR DNA (Fig. 1) , to form a fully basepaired duplex in the minus strand transfer step of the reverse transcription (29, (38) (39) (40) . The chaperone activity of NC is believed to arise from two main consequences of NC binding to nucleic acids. First, NC lowers the energy barrier for annealing by partially melting the basepairing of the duplex regions due to NC's preference for binding to single-stranded bases (37, 41, 42) . Second, NC lowers the energy cost of bringing two complementary hairpins together to form encounter complexes by screening the negative charges of the hairpins (43) (44) (45) (46) .
We previously used SM-FRET to identify melted secondary structure intermediates in NC-chaperoned annealing of TAR RNA and TAR DNA (30) (31) (32) (33) (34) . The blue regions of the secondary structures in Fig. 1 for TAR RNA and TAR DNA were shown to be fully melted by NC at concentrations above 300 nM in buffers containing 25 mM HEPES (pH 7.3), 40 mM NaCl, and 0.2-2 mM MgCl 2 (30, 32) . In the work presented here, we also explore NC's chaperone activity for other, nonbiological model annealing reactions based on the RRE sequence. Additionally, we explore how these various annealing reactions are inhibited by sequencespecific binding of Tat and Rev. The inhibition experiments are analogous to previous experiments on how the small nucleic acid-binding molecule argininamide inhibits the annealing of TAR DNA and complementary cTAR DNA due to a decrease in hairpin flexibility associated with argininamide binding (47) . In addition, we performed direct competitive binding and annealing SM-FRET experiments with pairs of these proteins (i.e., Tat/NC or Rev/NC) and various RNA sequences to study how viral proteins of the ARM and zinc-finger-motif type interact at the secondary structure level by binding simultaneously to the same RNA sequences. In principle, the interactions of the ARM and zinc-finger proteins with RNA substrates and the resulting chaperone activities may occur in vivo, when both types of proteins are present in the same vicinity or even in the same ribonucleoprotein complex of an HIV-1 infected cell.
MATERIALS AND METHODS

Sample preparation
RNA and DNA oligonucleotides with appropriate dye labeling and biotin functionalization were purchased from Integrated DNA Technologies (Coralville, IA) or Trilink BioTechnologies (San Diego, CA) and were purified by the supplier via RNase-free high-performance liquid chromatography. The molecular constructs used are listed in Table S1 and Table S2 of the Supporting Material. The oligonucleotides were labeled with either Cy3 (donor) or Cy5 (acceptor) and functionalized with biotin for molecular immobilization on coverslips through biotin-streptavidin interactions. To prevent the undesirable G residue quenching effects, a UUU or TTT overhang was added to the RNA or DNA sequences, respectively. HIV-1 NC protein for these experiments was prepared by solid-phase synthesis as described previously (30, 31) . The synthesis of HIV-1 Rev protein and the Tat (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) (55) (56) (57) peptide utilized in these studies is described in the Supporting Material.
Gel electrophoresis mobility-shift assay
The experimental details of the gel-shift assays are provided in the Supporting Material. Typically, 25 nM Cy3-labeled or Cy5-labeled oligonucleotides were titrated with proteins, and free nucleic acids and nucleic acid-protein complexes were resolved on polyacrylamide gels and imaged with a Typhoon Molecular Imager (Amersham Biosciences, Piscataway, NJ) under Cy3-or Cy5-flourescence detection mode. The relative integrated intensities of , NC proteins, and Tat (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) (55) (56) (57) peptide containing the core region and nuclear localization region of the Tat protein were used in this study.
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where R 0 is the total concentration of RNA added in each lane (25 nM), P 0 is the total concentration of proteins added in each lane, and n is the Hill coefficient that is related to the protein-binding stoichiometry. The K d -and n-values for each protein were obtained by curve-fitting to achieve the minimized difference between the experimentally measured and calculated q-values.
Flow system for oligonucleotide annealing reactions
The annealing reactions were carried out in an in-house-built flow cell (30, 33) . Typically, the Cy5-labeled oligonucleotides, buffer solutions, and protein solutions were selectively flowed into the flow cell to react with the Cy3-labeled oligonucleotides immobilized on the coverslip surface. The details of the chamber assembly process and the immobilization of the oligonucleotides on the coverslip surface have been described elsewhere (30) . All of the annealing reactions were carried out at room temperature in protein-binding buffer in an oxygen scavenger system (48) 
Data collection and analysis
An in-house-built sample-scanning confocal optical/data collection system based on a Zeiss inverted microscope (33) The annealing reactions were initiated by flowing a freshly prepared protein solution plus Cy5-labeled oligonucleotides into the flowing sample cell. The scanning confocal fluorescence images were acquired several times during the course of the annealing reactions, and custom-written MATLAB programs (The MathWorks, Natick, MA) were used to find the molecules and calculate the FRET efficiency for each molecule. A unique advantage of this data collection mode is that photobleaching of Cy5 can be effectively eliminated (as verified by the 633 nm laser excited acceptor emission measurements) because each molecule is exposed to excitation lasers for very short periods of time (~9 ms) during each scan, and we typically scan fewer than 10 images in total during each annealing experiment.
The corrected donor and acceptor intensities, I D (t) and I A (t), respectively, were used to calculate the time trajectory of the apparent FRET efficiency, E A (t), according to:
E A (t) is related to the actual FRET efficiency, E FRET (t), by the inclusion of the dye quantum efficiencies, 4 i , and detector quantum efficiencies, h i , according to:
In the case of the current experimental setup, it was determined that E A (t) z E FRET (t). The collected donor and acceptor signals were corrected for background emission/noise and donor/acceptor crosstalk due to signal leakage as previously described (30, 32) .
RESULTS AND DISCUSSION
NC/Tat/TAR interactions
In this section we focus on a comparison of how NC and Tat, separately and in combination, interact with the TAR oligomers that are summarized in Table S1 . We are especially concerned with how the presence of Tat inhibits the NC-chaperoned annealing reaction between TAR DNA and complementary TAR RNA or, alternatively, complementary cTAR DNA (30) (31) (32) (33) (34) . The experiments included gel-mobility-shift assays to establish specific and nonspecific binding affinities for these nucleic acid binding proteins to a set of oligomers (see Fig. 2 for typical examples). These were followed by SM-FRET experiments on the rates and yields of the NC-chaperoned annealing reactions in the presence and absence of Tat. Fig. 2 shows the results of gel-shift assays on Tat and NC binding to TAR sequences together with the binding isotherms obtained from the gel images. The apparent dissociation constants (K d ) and Hill coefficients (n) for the protein/nucleic-acid complexes determined by gel-shift assays are summarized in Table 1 . It is worth mentioning that since the local environments of the gels are different from those in the flow cells for SM-FRET measurements, the K d -values obtained from the gel-shift assays may not reflect the solution-binding affinities. Nevertheless, these values do provide valuable information for comparing the relative binding affinity and cooperativity of these viral proteins. In all cases, more than one copy of the protein can bind to the nucleic acid substrates at high protein concentrations, and the Hill coefficients are determined to be >1, indicating that the protein binding to the nucleic acid sequences is cooperative.
As shown in Fig. 2 A, Tat binds strongly to its target sequence on TAR RNA with a K d of~15 nM, but not to TAR DNA or the other non-TAR sequences (see Fig. S1 ), consistent with the ARM-binding motif assignment for this peptide (see Introduction). It is apparent from Fig. 2 that more than one copy of Tat can bind to one TAR RNA hairpin cooperatively (n ¼ 1.4) at high protein concentrations. In contrast to Tat, NC binds strongly to both TAR DNA and TAR RNA with K d < 100 nM (Fig. 2, B and C) . NC is known to be able to bind to both single-stranded and double-stranded nucleic acids nonspecifically, with a stronger binding preference for single-stranded regions (50) (51) (52) (53) (54) . The K d -values obtained from our gel-shift assays are in general agreement with the values reported in the literature (28) . Binding affinity is highly dependent on solution ionic strength; however, binding affinities in the range of a few nanomolars to~500 nM are typical for NC binding to nucleic acids under a variety of solution conditions.
The smearing of the bands for NC binding is consistent with previous reports that multiple copies of NC bind with a footprint of one NC per~8 basepairs without strong sequence specificity to hairpin and fully duplexed DNA and RNA (43) . It is important to note that although NC is known to melt structured DNA and RNA hairpins due to its binding preference for single-stranded nucleic acids, melting is not required for strong binding. Consistent with these trends, we observed strong binding (K d~2 00 nM) to fully duplexed DNA (TAR-cTAR DNA duplex, in HEPES buffer), which should not be melted by NC (55) . We also observed strong binding of NC to DNA and RNA with K d < 100 nM (see one example in Fig. 5 C) in the presence of ethylenediaminetetraacetic acid (EDTA), a chelating ligand that can be used to effectively extract the zinc ions from NC (56) . EDTA is a strong zinc-binding agent with a K d of~10 À16 M (57). In addition, EDTA binds zinc much more tightly than other common divalent metals, such as Mg 2þ (K d~1 0 À9 M) (57), which means that EDTA can selectively and effectively eject zinc from NC, especially under our experimental conditions where EDTA is at 0.5 mM and NC is at <2 mM. In the absence of zinc, the zinc fingers can no longer maintain their properly folded structures that are crucial to the local melting of the duplex regions of the hairpin. However, the zincless NC does not show a significant decrease in its binding affinity to RNA substrates. These results are consistent with the notion that a non-sequence-specific electrostatic binding of NC to nucleic acids is an important, if not dominant, binding mode under these conditions. The basic residues of NC are probably responsible for the electrostatic interactions with the RNA substrates, and it is also possible that NC can fold into different conformations to accommodate productive electrostatic interactions even in the absence of Zn 2þ binding (56, 58) .
It is interesting to examine whether the observed Tat and NC binding affinity pattern is reflected in how these proteins affect TAR annealing reactions. Typical SM-FRET data for the NC-induced annealing of immobilized TAR DNA with 5 nM TAR RNA and 800 nM NC in a flowing buffered solution are shown in Fig. S2 . For the SM-FRET measurements, we used protein concentrations above the K d to ensure saturating protein binding to the nucleic acid substrates. Each 
The dash indicates that no obvious protein binding was observed in protein concentrations ranging from 0 to 800 nM in these gel-shift assays.
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HIV-1 Viral Protein-RNA Interactionsvalues (0.3-0.7), probably due to the presence of misfolded nucleic acids and/or long-lived reaction intermediates, or to dye-labeling issues. When single-molecule FRET trajectories exhibit a state with a FRET value near the boundaries of the range of 0-1, they may show transient excursions to FRET values < 0 (when the acceptor intensity briefly dips into negative territory due to noise in the data) or > 1 (when the donor signal goes into negative territory). The lower panel of Fig. S2 shows the fraction of annealed TAR DNA hairpins as a function of reaction time. The annealing percentage achieves a value > 50% after~45 min, using a FRET threshold of 0.4 to distinguish the annealed and unannealed molecules. We previously described in detail how one can analyze such data to obtain accurate bimolecular annealing rate constants by assuming that the reactions are pseudo first-order (33, 34) . The FRET histograms in Fig. 3 , which were recorded for long periods of time (e.g., 1 h) after the reagents were mixed for an ensemble of hairpins, give a clear picture of the impact of Tat and NC on the annealing reaction. Under these conditions, the equilibrium mixture strongly favors the fully annealed duplexes. In the absence of either NC or Tat, the annealing is too slow to observe on this timescale and only the E FRET (t)~0 peak in the histogram is present (Fig. 3 A) . When the 800 nM NC is added to the TAR RNA/buffer solution, annealing becomes rapid enough to observe a significant E FRET~1 peak in this time window (Fig. 3 B) . The lack of 100% annealing is due primarily to unreactive, misfolded TAR RNA hairpins (33) . In contrast to the chaperone-like activity of NC, Tat shows no evidence of catalyzing the annealing reaction (Fig. 3 C) . Furthermore, Tat is observed to strongly inhibit the chaperone-like activity of NC, as shown in Fig. 3 D. As previously shown (34), the corresponding DNA-only annealing reaction (i.e., TAR DNA þ cTAR DNA) is also extremely slow without added NC, but becomes strongly catalyzed with NC present (Fig. 4, A and B) , leading to a nearly 100% annealing yield within 1 h. For the TAR DNA þ cTAR DNA case, Tat alone is unable to catalyze the annealing (Fig. 4 C) , and adding Tat to the NC reaction has no measurable inhibitory effect (Fig. 4 D) . This strongly suggests that Tat specifically binds to the TAR RNA hairpin, and that only through this specific binding is the inhibition of NC-chaperoned annealing accomplished.
The TAR DNA þ TAR RNA annealing results can be rationalized by considering the previously proposed mechanism for NC chaperone activity (30) . It has been hypothesized that NC partially melts both reactant hairpins, allowing for rapid nucleation of annealing initiated by basepairing of short single-stranded regions. In previous studies we directly observed the melting process by investigating the SM-FRET of dual-labeled TAR hairpins with NC present (30, 32) . Furthermore, NC-induced partial melting was assigned to selective stabilization of melted secondary structures of TAR DNA and TAR RNA by NC binding, resulting from NC's binding preference for single-stranded regions. It has been proposed that the nucleation of annealing occurs right at the locally melted regions in an encounter complex that is comprised of partially melted TAR DNA and TAR RNA or cTAR DNA hairpins associated with multiple copies of NC proteins (31, 34) . The NC-chaperoned annealing is schematically shown in Scheme S1. The inhibitory mechanism of Tat on TAR DNA þ TAR RNA annealing may simply be due to Tat's ability to block the binding (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) (55) (56) (57) , and (D) 500 nM Tat (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) (55) (56) (57) and 800 nM NC. (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) (55) (56) (57) , and (D) 500 nM Tat (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) (55) (56) (57) and 800 nM NC.
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The hypothesis that Tat binding to TAR RNA effectively suppresses partial melting is consistent with the evidence that Tat binds to a secondary structure with basepairs intact that are adjacent to the red bases in Fig. 1 for TAR RNA. Tat's preference for nonmelted secondary structures of TAR RNA is also probably a factor in its lack of chaperone activity for TAR RNA þ TAR DNA annealing. Since Tat only binds strongly to TAR RNA, not to cTAR DNA (Table  1) , it is not surprising that Tat has no inhibitory effect on NC-chaperoned TAR DNA þ cTAR DNA annealing, as shown in Fig. 4 D. Finally, as a negative control, we also investigated the effect of added Rev on the TAR RNA þ TAR DNA annealing reaction (Fig. S3) . The absence of an inhibitory effect for Rev on NC's chaperone activity for this annealing reaction is as expected, considering the lack of significant binding of Rev to these hairpins (Table 1) .
NC/Rev/RRE interactions
In this section, we generalize our comparative understanding of ARM versus zinc-finger binding proteins obtained by examining the binding and NC-chaperoned annealing for a different ARM protein and target RNA sequence combination, namely, Rev and the RRE-IIB RNA. In analogy to Tat binding to TAR RNA, the ARM protein Rev binds specifically to its target sequence RRE IIB (Fig. 5 A) , but does not bind to either TAR RNA or TAR DNA (Table 1) . Multiple copies of NC are observed to bind cooperatively to RRE IIB (Fig. 5 B and Table 1 ), due to the strong nonsequence-specific nucleic acid binding propensity of NC described above. To examine the role of zinc in the binding of NC, we added 0.5 mM EDTA to the NC-binding buffer to extract the zinc ions out of the zinc fingers of NC. The gel was also run in 0.5Â Tris-Borate-EDTA buffer instead of 0.5Â Tris-Borate buffer to ensure the presence of EDTA throughout the whole process. The results (Fig. 5 C) clearly show that zincless NC can still bind RRE-IIB without a significant decrease in binding affinity. However, instead of multiple discrete bands corresponding to IIB-NC nucleoprotein complexes with varying binding stoichiometries, only one discrete band was observed on the gel in addition to the free RNA band.
To explore the generality of NC's chaperone-like activity and directly compare Rev/NC/RRE interactions, we designed two annealing assays in which a complementary DNA oligomer (cIIB-1 DNA or cIIB-2 DNA; see Table S2 ) is annealed to RRE IIB RNA. In the absence of NC, both RRE IIB annealing assays exhibit FRET histograms (Fig. 6, A and E) with an E A~0 peak only, consistent with immeasurably slow annealing under these conditions. When NC is added, the FRET histograms for both annealing reactions exhibit a measurable E A~0 .9 peak, consistent with NC-induced annealing (Fig. 6, B and F) . Presumably, NC binding to RRE-IIB RNA locally melts the duplexed regions in the hairpin secondary structure (as predicted by MFOLD), allowing for the nucleation of basepairing between RRE IIB and the complementary DNA oligonucleotides. In the case of RRE IIB þ cIIB-1 DNA annealing, NC may also accelerate annealing by melting the basepairing of cIIB-1 DNA. However, we did not explore this aspect of the reaction further. To verify that the zinc fingers of NC are also crucial for NC's chaperone activity in IIB annealing reactions, we examined the single-molecule annealing assays in the presence of EDTA. As expected, EDTA completely suppresses the E A~0 .9 peak (Fig. S4) , indicating that the zinc fingers are crucial for NC's chaperone activity. To confirm that melting of duplexed bases is the reason for annealing in the two RRE IIB annealing assays, we investigated an annealing reaction between fully complementary RNA and DNA sequences (Half-IIB RNA þ cIIB-2 DNA) that should have no significant intramolecular basepairing as predicted by MFOLD (18) . Fig. S5 shows that Half-IIB RNA þ cIIB-2 DNA annealing exhibits a measurable E A~1 peak even in the absence of NC. In contrast to annealing between hairpins, the annealing between these two linear single-stranded We used RRE IIB annealing assays to directly test whether Rev has chaperone activity similar to that of NC. As shown in Fig. 6 , C and G, no annealing is observed between RRE-IIB and either cIIB-1 DNA or cIIB-2 DNA in the presence of 800 nM Rev, indicating a lack of chaperone activity for Rev. In addition, the NC-induced annealing of cIIB-1 DNA and cIIB-2 DNA to RRE IIB is completely inhibited in the presence of 800 nM Rev, as is clearly shown in Fig. 6 , D and H. We hypothesize that Rev binding to TAR RNA effectively suppresses partial melting of the IIB RNA hairpin, which is crucial for the annealing reactions. Such inhibitory effects on NC-chaperoned annealing are believed to arise from two main consequences of Rev binding. First, Rev may block the binding of multiple copies of NC to the bulge regions of RRE IIB RNA, thus suppressing NC-induced melting of IIB RNA. Second, Rev may also strengthen the RRE IIB hairpin structures by creating additional contacts between the bases in the bulge regions. Previous biochemical and structural studies (15, 59, 60) showed that recognition of stem-loop IIB of the RRE by Rev requires a purine-rich bubble that contains two purine-purine basepairs separated by a bulged uridine base, which helps widen the RNA major groove and allows deep penetration of the arginine-rich a-helix of Rev. Structural analysis revealed that binding of Rev to IIB RNA induces the formation of the purine basepairs G12-A33 and G13-G31, suggesting a decrease in hairpin flexibility upon Rev binding.
CONCLUSIONS
Using a SM-FRET approach, we performed a comparative study on how the binding of two families of HIV-1 viral proteins to viral RNA hairpins locally changes the secondary structures of the RNAs. Our SM-FRET results indicate that the zinc-finger protein (NC) locally melts the RRE-IIB and TAR RNA hairpins, whereas the ARM proteins (Rev and Tat) may strengthen the hairpin structures through specific binding interactions. Competition experiments (as summarized in Table S3 ) show that the presence of Rev and Tat can effectively inhibit the NC-bindinginduced local melting of RRE-IIB and TAR RNA hairpins, respectively. The data suggest that in HIV-1, the argininerich motifs of Rev and Tat may help stabilize the RNA hairpin structures, which likely inhibits the local melting of the hairpins induced by NC.
Previous studies have suggested that HIV-1 Tat can promote nucleic acid restructuring reactions, including tRNA primer annealing onto the primer binding site (61) , as well as complementary TAR DNA hairpin annealing (62, 63) . In contrast to those studies, we see no evidence of nucleic acid chaperone activity by Tat 38-57 using the RNA/DNA oligonucleotides investigated here. It is known that tRNA primer annealing does not require the zinc-finger structures of NC and can be facilitated by polyLys (64) . Thus, it is not too surprising that Tat, which contains a basic ARM, can also facilitate tRNA primer annealing (61) . However, for annealing between TAR hairpins, local melting of the hairpin structures is necessary to catalyze the annealing reactions. Tat (both the full-length protein and the peptide containing the basic domain) is unable to melt the duplexed regions of TAR sequences (63) , although it may promote TAR/cTAR annealing, presumably through some other motions involving nonspecific attraction between the peptide-bound oligonucleotides (62, 63) . In contrast to Tat, NC's chaperone activity arises from two main consequences of protein binding: 1), partial melting of the duplex regions of nucleic acid hairpins; and 2), screening of the negative charges of the hairpins, which facilitates the formation of the encounter complexes.
It is known that NC is a general nucleic acid chaperone that can catalyze many nucleic acid rearrangements throughout the HIV life cycle, whereas Tat and Rev function via specific nucleic acid binding interactions in the nucleus. Previous subcellular fractionation studies of HIV-1-infected cells showed that NC was present only in the cytoplasm 1 h postinfection, but had partly migrated to the nucleus after 
Synthesis of HIV 1 Rev protein and Tat (38 57) peptide
The HIV 1 Rev protein utilized in these studies contains only a single cysteine, which is appended to the C terminus of the 116 amino acid Rev protein. Using standard site directed mutagenesis protocols (Strategene), the previously described pHGB1 Rev construct (1) was modified to contain serines in the place of naturally occurring cysteines (C85S/C89S) and a unique cysteine (C117). The protein was prepared by E. coli expression and Ni NTA purification as described previously with the following modifications (1). Following lysis, RNase A (50 ug/ml) and RNase T1 (50 U/ml) (Roche) were added as well as NaCl to 2M. Immediately following elution from the Ni NTA resin (Qiagen), yeast tRNA (Invitrogen) was added to stoichiometric amounts with purified HG Rev protein. Dialysis, TEV proteolysis and subsequent purification were as previously described (1). Purified protein was quantified by SDS PAGE and immediately aliquoted and frozen in liquid nitrogen.
The Tat (38 57) peptide was synthesized using Rink amide resin on a Applied Biosystems Model 433A peptide synthesizer and standard Fmoc chemistry. The peptide was cleaved from the resin, deprotected and purified by HPLC on a C4 reverse phase column using an acetonitrile gradient in 0.1% trifluoroacetic acid (TFA). 
Detailed experimental conditions for gel shift assays:
The gel shift assays for Tat binding were performed by incubating oligonucleotides with Tat (38 57) peptide at room temperature in 20 l of binding mixtures containing 20 mM Tris base (pH7.5), 100 mM NaCl, 10 mM DTT, 0.1% Triton 100, 0.2 mM Mg 2+ , and 10% glycerol. The gel running buffer was 0.5X TBE (Tris Borate EDTA).
The gel shift assay for Rev binding were performed by incubating oligonucleotides with Rev at 4°C in 20 l of binding mixtures containing 10 mM HEPES (pH = 7.3), 100 mM NaCl, 1 mM DTT, 0.5 mM EDTA, 1 mM MgCl 2 , and 10% glycerol. The gel running buffer was 0.5X TBE. Table S2 . Primary sequences of RRE IIB related oligonucleotides and schematics illustrating the annealing reactions. 
